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ABSTRACT 1 
Oil palm empty fruit bunch (EFB) is a readily available, lignocellulosic biomass that 2 
has -potential to be utilised as carbon substrate for microbial oil production. In order to 3 
evaluate the production of microbial oil from EFB, a technical study was performed through 4 
the cultivation of oleaginous microorganisms (Rhodotorula mucilaginosa, Aspergillus oryzae 5 
and Mucor plumbeus) on EFB hydrolysates. EFB hydrolysates were prepared through dilute 6 
acid pretreatment of the biomass, where the liquid fraction of pretreatment was detoxified and 7 
used as EFB liquid hydrolysate (EFBLH). The solid residue was enzymatically hydrolysed 8 
prior to be used as EFB enzymatic hydrolysate (EFBEH). The highest oil concentrations were 9 
obtained from M. plumbeus (1.9 g/L of oil on EFBLH and 4.7 g/L of oil on EFBEH). In order 10 
to evaluate the feasibility of large-scale microbial oil production, a techno-economic study 11 
was performed based on the oil yields of M. plumbeus per hectare of plantation, followed by 12 
the estimation of the feedstock cost for oil production. Other oil palm biomasses (frond and 13 
trunk) were also included in this study, as it could potentially improve the economics of 14 
large-scale microbial oil production. Microbial oil from oil palm biomasses was estimated to 15 
potentially increase oil production in the palm oil industry up to 25%, at a cheaper feedstock 16 
cost. The outcome of this study demonstrates the potential integration of microbial oil 17 
production from oil palm biomasses with existing palm oil industry (biodiesel, food and 18 
oleochemicals production), that could potentially enhance sustainability and profitability of 19 
microbial oil production.    20 
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1 INTRODUCTION 1 
The world’s palm oil industry produced 54 million tonnes of palm oil in 2013, which 2 
is a 50% increase compared to 2003.1 The expansion of the palm oil industry has also 3 
generated increasing amounts of oil palm biomass wastes. It is estimated that palm oil 4 
accounts for only 10% of whole palm tree mass, with the remaining 90% consisting of oil 5 
palm biomass.2 The five main solid biomass components produced from palm oil sector are 6 
oil palm frond (OPF) and oil palm trunk (OPT) from oil palm plantation; empty fruit bunch 7 
(EFB), palm kernel shell (PKS) and mesocarp fibre (MF) from palm oil mills.3 From the 8 
palm oil mills, EFB makes up the highest percentage of wastes generated where it was 9 
estimated that 7 million tonnes of EFB was produced in 2010 in Malaysia alone.3 EFB is not 10 
effectively utilised for other application in the mills and is usually disposed at the mills or 11 
plantations.4  12 
EFB and other oil palm biomasses are lignocellulosic biomass, and therefore are 13 
potential renewable feedstocks for producing sustainable bioproducts and biofuels such as 14 
microbial oil-derived biodiesel. Pretreatment is essential for lignocellulosic biomass prior to 15 
bioprocessing in order to deconstruct the complex biomass structure and subsequently to 16 
produce fermentable sugars by enzymatic- or acid-hydrolysis. Dilute acid pretreatment is the 17 
most commonly used pretreatment technique due to its relatively low cost,5 where it generally 18 
removes the majority of hemicellulose and makes the cellulose component more accessible to 19 
cellulases.6 Dilute acid pretreatment results in liquid fraction that mainly consists of pentose 20 
sugars and solid residue that can be used for the production of glucose-rich solution by 21 
subsequent hydrolysis. However, this type of pretreatment is often accompanied by sugar 22 
degradation products such as furfural and 5-hydroxymethyl furfural (HMF),7  which may 23 
inhibit the growth of microorganisms. Detoxification methods such as overliming can be 24 
applied in order to reduce the inhibitory effects of furfural and HMF.8  25 
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Studies have shown that a number of oleaginous yeasts (e. g., Cryptococcus curvatus, 1 
Rhodotorula glutinis, Trichosporon coremiiforme, Trichosporon cutaneum and Yarrowia 2 
lipolytica Po1g) and filamentous fungi (e. g., Mortierella isabellina and Mortierella vinacea) 3 
are able to grow and produce oil on the hydrolysates of pretreated or enzymatic hydrolysed 4 
lignocellulosic biomass.9-14 Liquid fraction from dilute acid pretreatment of lignocellulosic 5 
biomass has been utilised as the carbon source for microbial oil production. For instance, the 6 
cultivation of R. glutinis on corncob hydrolysate in 5 L bioreactor produced 5.5 g/L oil with a 7 
yield of 130 mg/g.5 A study on the cultivation of  M. isabellina on enzymatic hydrolysate of 8 
corn stover resulted in an oil concentration of 5.1 g/L with a yield of 137 mg/g.15 EFB has 9 
been subjected for microbial oil production where the carbon substrates from EFB were 10 
prepared through alkaline and/or acid hydrolysis. In a study of microbial oil production by 11 
Tampitak et al., EFB was first delignified with 10% (wt%) NaOH followed by one- or two-12 
step acid hydrolysis to produce sugars.16 The highest oil concentration of 2.73 g/L, with an oil 13 
yield of 140 mg/g substrate by Candida tropicalis, was achieved from the pulp residue 14 
hydrolysate of two-step acid hydrolysis.16 The production of microbial oil from enzymatic 15 
hydrolysate of EFB acid-pretreated solid residue however is yet to be explored. There are 16 
also limited studies on microbial oil production obtained from both liquid fraction and solid 17 
residue of the same pretreated biomass. The utilisation of both hydrolysates is important for 18 
cost-effective biorefinery applications, especially for maximising total microbial oil 19 
production. The techno-economic assessment on microbial oil production from 20 
lignocellulosic biomass is also limited as there were only a few studies focusing in the 21 
economic aspect of microbial oil production from lignocellulosic biomass.  22 
The aim of this study was to assess oil production from EFB by oleaginous 23 
microorganisms that were selected based on our previous study,17 which were yeast 24 
Rhodotorula mucilaginosa, filamentous fungi Aspergillus oryzae and Mucor plumbeus. In 25 
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this study, EFB was pretreated by dilute acid, where the liquid fraction was separated, 1 
detoxified and used as liquid hydrolysate (EFBLH) for microbial oil production. The solid 2 
residue was subjected to enzymatic hydrolysis, where the hydrolysate was used for microbial 3 
oil production as enzymatic hydrolysate (EFBEH). The oil production capacity of these 4 
microorganisms on both hydrolysates (EFBLH and EFBEH) was assessed in terms of 5 
microbial oil production, sugar utilisation efficiency and tolerance to inhibitors. The fuel 6 
quality of the microbial oils was assessed in order to evaluate the viability of the oils to be 7 
used as biodiesel. The techno-economic evaluation was performed in order to assess the 8 
potential increase of oil production in oil palm industry and also the economic viability of 9 
microbial oil production from oil palm biomasses. This is the first study to conduct techno-10 
economic evaluation on microbial oil production from oil palm biomasses.  11 
2 MATERIAL AND METHODS 12 
2.1 Material 13 
2.1.1 Empty Fruit Bunch (EFB) 14 
 EFB was provided by Teck Guan Industries Sdn. Bhd., (Sabah, Malaysia). EFB was 15 
air-dried and had a moisture of 7.8% (w/w). 16 
2.1.2 Strains 17 
The yeast strain Rhodotorula mucilaginosa (FRR no.: 2406) and fungal strains 18 
Aspergillus oryzae (FRR no.: 1677) and Mucor plumbeus (FRR no.: 2412) were purchased 19 
from FRR Culture Collection (Australia). The yeast strain was maintained on yeast dextrose 20 
potato (YDP) agar slants at 4 °C.18 Fungal strains were maintained on potato dextrose agar 21 
(PDA) at 4 °C.12  22 
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The strains used in this study were selected based on a multi-criteria analysis by 1 
Ahmad et al. in determining the most suitable microorganisms for oil production from model 2 
substrates of lignocellulosic hydrolysate.17   3 
2.2 Methods 4 
2.2.1 EFB pretreatment 5 
The air-dried raw EFB was pretreated with 0.4 wt% H2SO4 at a solid loading of 1:6 6 
(solid:liquid (w/w)) in 7.5 L Parr reactor (Model 4554, Parr Instrument Company, USA) at a 7 
stirrer speed of 100 rpm, at 170 °C for 15 min.19 The liquid fraction and the solid residue 8 
were separated by filtration (Figure 1) using Whatman filter paper (Grade 1, Whatman, 9 
England). The compositional analysis of raw and pretreated EFB was performed according to 10 
the methods developed by National Renewable Energy Laboratory.20, 21 11 
2.2.2 Detoxification of pretreated EFB liquid hydrolysate 12 
A subsample of the liquid fraction was detoxified by overliming technique. The 13 
subsample was heated up to 42 °C while stirring, followed by the addition of Ca(OH)2 14 
powder to pH 10, where the temperature was then maintained at 50 °C for 30 min using 15 
stirring hot plate.10 The mixture was then filtered using 0.22 µm membrane (Sartorius, 16 
Germany).10 The filtrate was cooled to 30 °C and re-acidified with H2SO4 to pH 5.5, followed 17 
by filtration using 0.22 µm membrane,10 and was used as EFB liquid hydrolysate (EFBLH). 18 
Another subsample of the liquid fraction was not overlimed but its pH was increased to 5.5 19 
by Ca(OH)2, followed by 0.22 µm filtration,10 where the filtrate was used as non-detoxified 20 
hydrolysate as the control for the cultivation.   21 
2.2.3 Enzymatic hydrolysis of solid residue 22 
Enzymatic hydrolysis of washed EFB solid residue was performed at a solid loading 23 
of 10 wt% using Accelerase™ 1500 (Batch no: 4901298419) at 20 FPU/g glucan, at pH 5.5. 24 
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The enzymatic hydrolysis was conducted on OM15 orbital shaking incubator (Ratex, 1 
Australia) set at 50 °C and 150 rpm for 72 h. The liquid fraction of enzymatic hydrolysis was 2 
separated by centrifugation at ~6800 g for 20 min. The supernatant was filtered using a 0.22 3 
µm membrane,10 and was used as EFB enzymatic hydrolysate (EFBEH). The residue of 4 
enzymatic hydrolysis was not analysed.   5 
2.2.4 Cultivation and microbial oil production 6 
The yeast strain was pre-cultured prior to cultivation. R. mucilaginosa was grown for 7 
48 h in the pre-cultivation medium with 20 g/L xylose, 10 g/L peptone and 10 g/L yeast 8 
extract.22 For inoculation of the yeast strain into the hydrolysates cultivation medium, 10% 9 
(v/v) inoculums from yeast pre-cultivation medium were used. For inoculation of fungi into 10 
the hydrolysates cultivation medium, 0.6 mL spore suspension containing 1 x 107 spores/mL 11 
was used.12  12 
The cultivation media (hydrolysates) were prepared by supplementing EFBLH and 13 
EFBEH with 0.4 g/L MgSO4·7H2O, 2 g/L KH2PO4, 3 mg/L MnSO4·H2O and 0.1 mg/L 14 
CuSO4·5H2O, and 1.5 g/L yeast extract as the nitrogen source, with pH adjustment to 5.5.10 15 
The cultivation was performed in triplicate with 30 mL working volume in 150 mL 16 
Erlenmeyer flask at 28 °C on OM15 orbital shaking incubator (Ratex, Australia) for 7 days. 17 
Yeast and fungal biomasses were harvested based on methods described previously,  18 
followed by biomass freeze-drying to constant weight.17 19 
2.2.5 Oil extraction 20 
Oil was extracted from the biomass by Accelerated Solvent Extraction (ASE) 21 
technique using Dionex ASE 350 (Thermo Fisher Scientific Inc., USA) according to oil 22 
extraction technique described previously.17 The extraction conditions were as follows: 23 
temperature, 130 Ԩ; static time, 7 min; rinse volume, 25% of cell volume; purge time, 60 s; 24 
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and using 2 static cycles, using chloroform/methanol in a ratio of 2:1 (v/v). The extracted oil 1 
was collected in pre-weighed collection bottles. The solvents were evaporated under a stream 2 
of nitrogen. Unless otherwise specified, all results are reported on a dry weight (DW) basis. 3 
2.2.6 Sugars, organic acids, furans, oil and nitrogen analyses 4 
Sugars concentrations (glucose, xylose, cellobiose and arabinose) were analysed using 5 
high-performance liquid chromatography (HPLC) by a Waters HPLC system equipped with a 6 
SP810 carbohydrate column (300 mm × 8.0 mm, Shodex, Japan) and a refractive index (RI) 7 
detector (Waters 410, US).23 The column temperature was 85 °C and the mobile phase was 8 
water, with a flow rate of 0.5 mL/min. Organic acids concentrations (formic acid, acetic acid 9 
and levulinic acid) and furans (furfural and 5-hydroxymethylfurfural (HMF)) were analysed 10 
using the same HPLC system equipped with a Aminex HPX-87H column 11 
(300 mm × 8.0 mm, Bio-Rad, US) and the RI detector.23 The column temperature was 65 °C 12 
and the mobile phase was 5 mM H2SO4, with a flow rate of 0.6 mL/min. 13 
For the determination of fatty acids composition, fatty acid methyl esters (FAMEs) 14 
were prepared using oil derivatisation method as described by Mulbry et al.24 FAME analysis 15 
was performed by gas chromatography-mass spectrometry (GC-MS) by Shimadzu GCMS-16 
TQ8040 (Shimadzu Corporation, Japan) on an Rtx®-2330 column (60 m long × 0.25 mm 17 
I.D. × 0.2 µm film thickness; Restek, USA). The carrier gas was helium at a flow rate of 1.5 18 
mL/min. A 10:1 split injection was used. The injection temperature was set at 250 °C, the MS 19 
ion source temperature at 220 °C and the MS interface temperature at 240 °C. The GC-MS 20 
method was carried out using the following temperature program: initial temperature at 90 21 
°C, hold for 2 min, followed by 7.5 °C/min ramp to 210 °C and 20 °C/min ramp to 240 °C, 22 
hold for 5 min. Mass spectrometry was performed using Q3 scan with an m/z 20-650 23 
scanning range. Chromatograms and mass spectra were evaluated using the GCMSsolution 24 
10 
 
software (Shimadzu Corporation, Japan). The retention times and mass spectra were 1 
identified using FAME mix (F.A.M.E. Mix, C8-C24; Sigma-Aldrich, Australia).  2 
Fuel properties were assessed using cetane number, kinematic viscosity at 40 °C, 3 
higher heating value and iodine value. Cetane numbers of FAMEs of microbial oils were 4 
calculated based on the empirical equation proposed by Ramírez-Verduzco et al. ,25 where 5 
the cetane number of each fatty acid methyl ester was calculated using the following equation 6 
∅௜ ൌ 	െ71. 8	 ൅ 	0.302	 ൈ	ܯ௜ െ 	20	 ൈ 	ܰ       (1) 7 
From Equation (1), ∅௜ is the cetane number of the ith FAME, ܯ௜ is the molecular weight of 8 
the ith FAME and N is the number of double bonds in a given FAME. The kinematic 9 
viscosity of biodiesel at 40 °C was calculated based on the following equation 10 
lnሺߟ௜ሻ ൌ 	െ12.503	 ൅ 	2.496	 ൈ	 ln	ሺܯ௜ሻ 	െ 	0.178	 ൈ 	ܰ      (2) 11 
where ߟ௜ is kinematic viscosity at 40 °C (mm2/s) of the ith FAME.25 The higher heating value 12 
was calculated based on the following equation 13 
ߜ௜ ൌ 	46.19	 െ	ଵ଻ଽସெ೔ 	െ 	0.21	 ൈ 	ܰ                                                                                  (3) 14 
where ߜ௜ is the higher heating value (MJ/kg) of the ith FAME.25 Iodine values of FAME were 15 
calculated based on the detemination of iodine values of individual FAME by 16 
Krisnangkura.26 17 
 Total nitrogen in EFB hydrolysate was analysed using TOC-VCSH (Shimadzu 18 
Corporation, Japan) with TNM-1 (Total Nitrogen Unit) (Shimadzu Corporation, Japan). 19 
Carbon to nitrogen (C/N) ratio (mass/mass) was calculated using the following equation: 20 
ܥ/ܰ ൌ ்௢௧௔௟	௖௢௡௖௘௡௧௥௔௧௜௢௡	௢௙	௚௟௨௖௢௦௘,			௫௬௟௢௦௘	௔௡ௗ	௔௖௘௧௜௖	௔௖௜ௗ	ൈ	଴.ସ	௒௘௔௦௧	௘௫௧௥௔௖௧	௖௢௡௖௘௡௧௥௔௧௜௢௡	ൈ	଴.଴଼	ା	்௢௧௔௟	௡௜௧௥௢௚௘௡	௖௢௡௖௘௡௧௥௔௧௜௢௡	௜௡	ாி஻	௛௬ௗ௥௢௟௬௦௔௧௘		   (4) 21 
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where the unit for concentrations of total carbon sources and nitrogen were in g/L, 0.4  was 1 
the mass fraction of carbon in the carbon sources (g/g) and 0.8 was mass fraction of nitrogen 2 
in yeast extract (g/g). The oil yield (mg/g) was calculated by dividing the oil concentration 3 
(mg/L) with the total glucose and xylose and acetic acid consumed (g/L). 4 
2.2.7 Technical and economic assessment of microbial oil production 5 
Microbial cultivation efficiency was estimated based on the theoretical oil yields of 6 
320 mg/g for glucose and 340 mg/g for xylose.12, 27 Therefore, % oil conversion efficiency 7 
was calculated according to the following equation, 8 
% ܱ݈݅	ܿ݋݊ݒ݁ݎݏ݅݋݊	݂݂݁݅ܿ݅݁݊ܿݕ ൌ 	 ்௢௧௔௟	௢௜௟	௣௥௢ௗ௨௖௧௜௢௡	௙௥௢௠	ଵ	௧௢௡	ாி஻	ሺ௞௚/௧ሻ்௛௘௢௥௘௧௜௖௔௟	௢௜௟	௣௥௢ௗ௨௖௧௜௢௡	௙௥௢௠	ଵ	௧௢௡	ாி஻	ሺ௞௚/௧ሻ 	ൈ 100  9 
            (5) 10 
where the total oil production from 1 ton EFB was the summation of predicted oil production 11 
from EFBLH and EFBEH by M. plumbeus. The theoretical oil production from 1 ton EFB 12 
was calculated using theoretical oil yields on glucose and xylose, based on the total sugars 13 
contents in 1 ton (dry weight) EFB from EFBLH and EFBEH. 14 
 Assuming oil conversion efficiencies of other oil palm biomasses (OPT and OPF) 15 
were the same as those for EFB, the predicted oil production from other oil palm biomasses 16 
of per 1 t (dry weight) biomass was calculated as 17 
ܲݎ݁݀݅ܿݐ݁݀	݋݈݅	݌ݎ݋݀ݑܿݐ݅݋݊	݌݁ݎ	ݐ݋݊݊݁	ܾ݅݋݉ܽݏݏ	ሺ݇݃/ݐሻ ൌ18 
%	ܱ݈݅	ܿ݋݊ݒ݁ݎݏ݅݋݊	݂݂݁݅ܿ݅݁݊ܿݕ ൈ ݄ܶ݁݋ݎ݁ݐ݈݅ܿܽ	݋݈݅	ݕ݈݅݁݀		ሺ݃/݇݃ሻ 	ൈ19 
	ܨ݁ݎ݉݁݊ݐܾ݈ܽ݁	ݏݑ݃ܽݎݏ	݌݁ݎ	1	ݐ	ܾ݅݋݉ܽݏݏ	ሺ݇݃/ݐሻ 	ൈ 10ିଷ	      (6) 20 
Potential microbial oil production per ha (kg/ha) for EFB and other oil palm biomass (OPT 21 
and OPF) was calculated using the following equation 22 
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ܯ݅ܿݎ݋ܾ݈݅ܽ	݋݈݅	݌݁ݎ	݄݁ܿݐܽݎ݁ሺ݇݃/݄ܽሻ ൌ ܱ݈݅	݌ݎ݋݀ݑܿݐ݅݋݊	݌݁ݎ	1	ݐ	ܾ݅݋݉ܽݏݏ	ሺ݇݃/ݐሻ ൈ1 
	ܤ݅݋݉ܽݏݏ	ܽݒ݈ܾ݈ܽ݅ܽ݅݅ݐݕ	݌݁ݎ	݄݁ܿݐܽݎ݁	ሺݐ/݄ܽሻ       (7) 2 
 For the economic assessment of large scale microbial oil production, the relative 3 
feedstock cost (US$/kg oil) is calculated by dividing the selling price of feedstock per t 4 
biomass (US$/t biomass) by the estimated quantity of microbial oil produced per 1 t biomass 5 
(kg/t biomass), as  6 
ܴ݈݁ܽݐ݅ݒ݁	݂݁݁݀ݏݐ݋ܿ݇	ܿ݋ݏݐ	ሺܷܵ$/݇݃	݋݈݅ሻ ൌ 	 ௌ௘௟௟௜௡௚	௣௥௜௖௘	௣௘௥	ଵ	௧	௕௜௢௠௔௦௦	ሺ௎ௌ$/௧ሻை௜௟	௣௥௢ௗ௨௖௧௜௢௡	௣௘௥	ଵ	௧	௕௜௢௠௔௦௦	ሺ௞௚/௧ሻ		  (8) 7 
3 RESULTS AND DISCUSSION 8 
3.1 Chemical composition of feedstock samples 9 
Table 1 shows the biomass composition of raw EFB and the solid residue following 10 
pretreatment. Raw EFB consists of 38.8% glucan, 22.4% xylan, 27.2% lignin. The biomass 11 
compositions of EFB solid residues after pretreatment were 45.5% glucan, 6.1% xylan and 12 
40.0% lignin (Table 1), with cellulose digestibility at 43.2%. These results demonstrated that 13 
dilute acid pretreatment applied removed the majority hemicellulose (xylan) from the solid 14 
biomass as xylan dissolved in the liquid fraction of hydrolysate.10  In this study, hydrolysates 15 
of liquid fraction and solid residue from pretreatment were used as substrates for microbial 16 
cultivation. The compositional analyses of EFB hydrolysates are displayed in Table 2. 17 
EFBLH mainly consists of xylose, whereas the major component of EFBEH is glucose. The 18 
concentration of organic acids (i. e., formic acid, acetic acid and levulinic acid) and furans (i. 19 
e., HMF and furfural) are shown in Table 2. Organic acids and furans are the potential growth 20 
inhibitors to microbial cultivation, as reported in numerous studies.7, 28-30 HMF and furfural 21 
have been shown to reduce yield and inhibit growth in the ethanol production, as well as the 22 
oil production.28-30 It has been reported that furfural concentrations above 1.0 g/L resulted in 23 
13 
 
negative impacts on growth and oil production of the fungal strain, Mortierella isabellina and 1 
the yeast strain Cryptococcus curvatus.29, 30 Organic acids or weak acids has been shown to  2 
inhibit cell growth and reduce ethanol yield during the fermentation for ethanol production.28 3 
However, the presence of formic, acetic and levulinic acids at a low concentration in the 4 
fermentation for ethanol production has been show to increase the yield of ethanol.28 There 5 
are however limited studies on the inhibitory effect of organic acids for microbial oil 6 
production. 7 
In this study, no growth was observed from the cultivation of non-detoxified EFBLH, 8 
most likely due to the presence of high concentrations of furfural in the hydrolysate. The 9 
detoxification step by overliming on the liquid fraction of pretreatment process was shown to 10 
reduce the concentration HMF in the hydrolysate by approximately two times, and the 11 
concentration of furfural was reduced by five times. Furans present at a low concentration in 12 
EFBEH as the solid residue was washed prior to enzymatic hydrolysis. The washing step is 13 
also important as it may reduce the number of detoxification step in the hydrolysates 14 
preparation process. The loss of sugars in the detoxified EFBLH was observed at 21.4% for 15 
glucose and 7.4% for xylose. Yu et al.  also showed 13-29% sugar loss in wheat straw 16 
hydrolysate after detoxification by overliming process.10  The concentration of acetic acid in 17 
EFBLH was higher than in original non-detoxified EFBLH possibly due to water loss from 18 
the hydrolysate during overliming process. This trend was also seen in the results of the study 19 
by Yu et al. where the acetic acid in the hydrolysate increased from 4.0 g/L to 4.2 g/L after 20 
the detoxification process.10  21 
3.2 Sugars consumption and microbial growth on EFB hydrolysates 22 
In this study, R. mucilaginosa, A. oryzae and M. plumbeus were grown on liquid 23 
hydrolysates and enzymatic hydrolysates resulting from the pretreatment of EFB. The 24 
consumption of sugars by R. mucilaginosa, A. oryzae and M. plumbeus are shown in Figure 25 
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2. Complete consumption of glucose was observed for almost all strains on all hydrolysates. 1 
Figure 2 also shows lower consumption of xylose compared to glucose in EFBLH. This is 2 
most likely due to slower consumption rate of xylose by microorganisms compared to the 3 
consumption rate of glucose, as seen in Ahmad et al.17 The amount of xylose consumed in 4 
EFBEH was lower than xylose consumed in EFBLH. This is probably because xylose 5 
consumption only commenced after glucose was almost depleted in the medium, as shown in 6 
numerous studies.31 For instance, xylose consumption by Trichosporon cutaneum ACCC 7 
20271 commenced at 120 h after glucose was almost completely consumed in enzymatic 8 
hydrolysate of corncob residue.13 Sequential sugars consumption is common in the microbial 9 
cultivation of the mixture of glucose and xylose, due to catabolite repression mechanism by 10 
glucose or allosteric competition for sugar transporters.32 A number of studies has been 11 
conducted on simultaneous consumption of glucose and xylose, as co-consumption of sugars 12 
in lignocellulosic hydrolysates is crucial for comprehensive utilisation for the conversion 13 
lignocellulosic biomass to microbial oil.31  For the cultivation on EFBEH of all 14 
microorganisms, there were ~40% (w/w) of residual xylose remained in the media at the end 15 
of cultivation. In this study, M. plumbeus had the lowest consumption of xylose from EFBLH 16 
in comparison to R. mucilaginosa and A. oryzae, possibly due to its low xylose assimilation 17 
capacity. This trend was in accordance to the previous study by Ahmad et al.17  Longer 18 
cultivation time may allow more complete consumption of xylose by these microorganisms in 19 
glucose-rich media like EFBEH. However, prolonged cultivation may not be economical 20 
depending on the oil productivity from the residual sugars.  21 
For cultivation on EFBLH, the biomass concentrations of R. mucilaginosa, A. oryzae 22 
and M. plumbeus were at 5.81, 10.57 and 9.35 and g/L respectively. The growth on EFBEH 23 
showed higher biomass concentrations from fungal strains, A. oryzae and M. plumbeus at 24 
12.0 and 12.6 g/L respectively, in comparison to the biomass concentration of R. 25 
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mucilaginosa at 11.3 g/L. It was also noted that although fungi strains A. oryzae and M. 1 
plumbeus consumed less sugars from EFBLH than R. mucilaginosa, the biomass 2 
concentrations of fungi strains however were higher.  The biomass concentrations of fungi 3 
strains on EFBLH were higher even at lower sugars consumption possibly due to the 4 
consumption of acetic acid by the microorganisms. A. oryzae showed acetic acid 5 
consumption of 97% and M. plumbeus of 80% by the end of cultivation. Several studies 6 
showed that acetate was effectively metabolised for oil production by oleaginous 7 
microorganisms such as M. isabellina, C. curvatus and Y. lipolytica Po1g.30 8 
The biomass concentrations of the fungal strains obtained in this study from EFBEH 9 
are comparable to the results of Ruan et al. on the cultivation of Mortierella isabellina from 10 
enzymatic hydrolysate of corn stover with biomass production at 16.8 g/L.15 The hydrolysate 11 
of corn stover was pretreated with dilute acid and alkali pretreatments prior to enzymatic 12 
hydrolysis, and the hydrolysate consists of 22.2 g/L of glucose and 12 g/L of xylose.15 13 
Overall, this study shows that all the three selected strains have the capacity to grow on 14 
EFBLH and EFBEH and are able to grow in EFB hydrolysates even with the presence of 0.08 15 
g/L of HMF and 0.56 g/L of furfural.  16 
3.3 Microbial oil production from EFB hydrolysates 17 
The oil contents results are presented in Figure 3 (a). The fungal strain M. plumbeus 18 
showed the highest oil content on EFBLH at 19.8%. For the cultivation on EFBEH, the 19 
highest oil contents recorded were by A. oryzae and M. plumbeus at ~37%. Both fungal 20 
strains A. oryzae and M. plumbeus showed significantly higher oil accumulation on EFBEH 21 
than EFBLH. One possible reason for this is that EFBEH has higher C/N ratio (47.0) than 22 
EFBLH (10.2) since EFBEH contains higher carbon substrate concentration than EFBLH. 23 
C/N ratio has been identified as the most important factors affecting lipid accumulation by 24 
oleaginous microorganisms.33 The presence of HMF and furfural in EFBLH may also be a 25 
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contributing factor to lower oil accumulation. Even though numerous studies show that 1 
inhibitory compounds have more damaging effects on growth than oil accumulation, Zhang 2 
et al. argued that inhibitory compounds may have negative impacts on oil accumulation as 3 
well.7, 34 This is because any negative effect preventing microorganisms from reaching the 4 
non-growth phase where lipid accumulation usually occurs, will be detrimental to lipid 5 
production as well.34 Different types of hydrolysates however did not affect oil accumulation 6 
by R. mucilaginosa, possibly because of lower capacity of R. mucilaginosa to accumulate oil. 7 
Ahmad et al. showed that R. mucilaginosa resulted in a maximum oil content of ~22% on 30 8 
g/L glucose as well as on glycerol.17 9 
The oil contents of fungal strains A. oryzae and M. plumbeus obtained in this study 10 
from the cultivation on EFBEH were much higher than the oil contents found in the 11 
cultivation by Ahmad et al., using the pure sugar substrates at higher concentrations which 12 
were 30 g/L glucose (at ~26% of oil) and 30 g/L xylose (~20-23% of oil).17 Higher oil 13 
accumulation from cultivation on EFBEH is possibly due to the lower yeast extract 14 
concentration used in this study compared to the study by Ahmad et al.,17 and therefore 15 
resulted in higher C/N ratio. Based on total nitrogen analysis, EFBEH consisted of 0.18 g/L 16 
nitrogen, in contrast to 0.36 g/L nitrogen (based on the use of 4 g/L yeast extract) in the 17 
cultivation media in Ahmad et al.17 Therefore, the C/N ratio of EFBEH was 47.0, whereas the 18 
C/N ratio of the cultivation media in Ahmad et al. was 35.4.   19 
Figure 3 (b) shows oil concentrations from R. mucilaginosa, A. oryzae and M. 20 
plumbeus cultivated on EFB hydrolysates. Fungal strains, M. plumbeus had recorded the 21 
highest oil concentration growing on hydrolysates of EFB (1.85 and 4.69 g/L on EFBLH and 22 
EFBEH respectively), followed by A. oryzae (1.40 g/L on EFBLH and 4.47 g/L on EFBEH). 23 
Microbial oil concentration of fungal strains M. plumbeus and A. oryzae on EFBLH obtained 24 
in this study compares well to Tampitak et al.  with oil concentration of 1.61 g/L by C. 25 
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tropicalis on hemicellulose hydrolysate of EFB.16 The EFB hemicellulose hydrolysate was 1 
prepared by alkaline and dilute acid pretreatment, was diluted to 20 g/L sugars, followed by 2 
detoxification.16 The result of oil concentration of M. plumbeus on EFBEH is comparable to 3 
oil production by M. isabellina at 6.9 g/L from corn stover hydrolysate by Ruan et al.15  4 
The oil production by M. plumbeus and A. oryzae on EFBEH in this study was two 5 
times higher than C. tropicalis on residual pulp hydrolysate (2.73 g/L of oil) and 6 
holocellulose hydrolysate (1.31 g/L of oil) of  EFB, even though these two hydrolysates and 7 
EFBEH have almost similar concentration of sugar of 20 g/L.16 The oil concentration of yeast 8 
R. mucilaginosa (2.17 g/L of oil) on EFBEH is similar to the yeast strain used by Tampitak et 9 
al. (C. tropicalis) on EFB pulp hydrolysate. The EFB pulp hydrolysate was pretreated with 10 
alkaline and dilute acid, followed by acid hydrolysis, whereas the EFB holocellulose 11 
hydrolysate was prepared through alkaline pretreatment and acid hydrolysis.16 Both 12 
hydrolysates were then subjected to dilution and detoxification.16 Low oil production from 13 
EFB holocellulose hydrolysate by Tampitak et al. in comparison to EFB pulp hydrolysate 14 
was not discussed, even though both hydrolysates have similar glucose and overall sugars 15 
concentrations. One possible reason for this is that there was a slightly higher concentration 16 
of furfural (0.17 g/L) in EFB holocellulose hydrolysate compared to EFB pulp hydrolysate 17 
(0.13 g/L furfural).  Another reason for the variation in oil production is possibly contributed 18 
by the concentration of organic acids in the hydrolysates, which was not discussed. Overall, 19 
both fungal strains M. plumbeus and A. oryzae shows good potential to produce oil from EFB 20 
hydrolysates, with oil concentrations similar to widely researched fungal strain M. isabellina.  21 
Table 3 shows the results of oil concentrations and oil yields by a number of 22 
oleaginous microorganisms from various agro-industrial wastes. Oil yield is an important 23 
parameter for the cultivation as it measures the efficiency of microorganisms to convert 24 
carbon substrates to oil. In this study, M. plumbeus produced the highest oil concentrations 25 
18 
 
and oil yields from both EFB hydrolysates in comparison to A. oryzae and R. mucilaginosa. 1 
The cultivation of R. mucilaginosa resulted in lower oil yields on EFBLH (64 mg/g) and 2 
EFBEH (93 mg/g). Lower conversion efficiency of carbon substrates to oil in R. 3 
mucilaginosa was most likely due to the assimilation of carbon substrates for the production 4 
of carotenoids, as Rhodotorula yeasts are well-known carotenoids producers.35 The oil yield 5 
of M. plumbeus on EFBLH (185 mg/g) is slightly lower than EFBEH (231 mg/g) possibly 6 
due to the presence of inhibitors in EFBLH. The oil yields of fungal strains on EFBLH in this 7 
study are higher than the oil yield (80 mg/g) of C. tropicalis grown on hemicellulose 8 
hydrolysate (liquid fraction of pretreatment) of EFB.16 The oil yield of M. plumbeus on 9 
EFBLH is comparable to the oil yield (172 mg/g) of Trichosporon coremiiforme grown on 10 
detoxified corncob hydrolysate (2.9 g/L glucose and 37.9 g/L xylose, 0.32 g/L HMF and 11 
0.06 g/L furfural),14 where both hydrolysates contained higher proportion of xylose than 12 
glucose. Table 3 also shows that oil yields of M. plumbeus on lignocellulosic biomass are 13 
comparable to those of other microorganisms, such as the more widely researched yeast strain 14 
C. curvatus (140 mg/g on corncob liquid hydrolysate) and fungal strain M. isabellina (147 15 
mg/g on corn stover enzymatic hydrolysate).10, 15  16 
3.4 Fatty acid profiles and potential application of microbial oils produced from EFB 17 
hydrolysates 18 
Microbial oils have the potential to be utilized as alternative feedstocks for biodiesel 19 
production, depending on the fatty acids profile of the microbial oil. Biodiesel is a renewable 20 
fuel, typically made from vegetable oils and their derivatives, especially methyl esters.36 21 
Microbial oils with similar fatty acids compositions to vegetable oils have the potential to be 22 
used for biodiesel production.  23 
Fatty acids profiles of transesterified microbial oils produced in this study are shown 24 
in Table 4. The results showed that microbial oils have similar fatty acids composition to 25 
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vegetable oils, with the major fatty acids identified being palmitic (C16:0), stearic (C18:0), 1 
oleic (C18:1) and linoleic acid (C18:2). For R. mucilaginosa, oleic acid was the predominant 2 
fatty acid produced on EFBLH (54.9 %), which is in agreement to the results of Ahmad et al.   3 
in the cultivation of R. mucilaginosa on glucose and xylose.17 However, palmitic acid was the 4 
predominant fatty acid of oil extracted from R. mucilaginosa grown on EFBEH (50.4%). 5 
Linoleic acid was the predominant fatty acids for both A. oryzae and M. plumbeus cultivated 6 
on EFBLH (34.4% and 43.2% respectively), followed closely by oleic acid. For the growth of 7 
both A. oryzae and M. plumbeus on EFBEH, oleic acid was identified as the predominant 8 
fatty acid at ~33 - 34%, which is in accordance with the findings from Ahmad et al.  on the 9 
cultivation of A. oryzae and M. plumbeus on glucose and xylose.17 10 
Fuel properties of microbial oils can be further analysed in order to determine the 11 
suitability to be utilised for the production of biodiesel. Among the most important physical 12 
properties of biodiesel are cetane number, kinematic viscosity at 40 °C, higher heating value 13 
and iodine value. Cetane number is a relative measure of the ignition quality of fuels, 14 
whereby low cetane number fuels have the tendency to increase gaseous and particulate 15 
exhaust emissions due to incomplete combustion.25, 37 Methyl esters of microbial oils in this 16 
study have estimated cetane numbers greater than 59 (Table 4), which is above the required 17 
minium values of 47 and 51 according to biodiesel specifications of ASTM 6751-08a and 18 
EN14214 respectively.25, 38 19 
Viscosity of biodiesel is important as high viscosity will cause poor atomisation in the 20 
combustion chamber and subsequently lead to the engine problems like nozzle choking and 21 
engine deposits.36 Kinematic viscosities at 40 °C of microbial oils methyl esters were shown 22 
in Table 4 and the kinematic viscosity of all microbial oils were within the limit of  EN 14214 23 
(3.5 to 5.0 mm2/s).39 The viscosities of fatty acids ester that has been transesterified is 24 
typically lower than the viscosities of fatty acids.36  25 
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Higher heating value is the amount of heat released during combustion of one gram of 1 
fuel to produced CO2 and H2O at its initial temperature.25 Higher heating values from 2 
microbial oils methyl esters  (Table 4) were ~39 – 40 MJ/kg, which are ~13 – 15% less than 3 
petrol-diesel’s higher heating value of ~46 MJ/kg.25 4 
Polyunsaturated fatty acids, especially those with four or more double bonds are not 5 
preferable for biodiesel production due to low oxidative stability.40 However, biodiesel with 6 
higher amounts unsaturated fatty acids has higher cold filter plug point (CFPP).38 The limit of 7 
degree of unsaturation of an oil suitable for biodiesel production can be determined through 8 
iodine value. Iodine value is defined as centrigrams iodine absorbed per gram samples, in 9 
which fuels with higher iodine values have higher degree of unsaturation.36 The estimated 10 
iodine values of each methyl ester (Table 4) are below the biodiesel standard maximum limit 11 
of 115 (German biodiesel standard DIN V 51606) and 120 (EN14214).36, 38 Therefore, this 12 
study shows that microbial oils produced are suitable as biodiesel fuels. 13 
3.5 Techno-economic evaluation of microbial oil production from oil palm biomasses 14 
3.5.1 Technical assessment of microbial oil production from oil palm biomasses 15 
In this study, microbial oil had been successfully produced from EFB, the wastes of 16 
palm oil production, through the utilisation of hydrolysates from both fractions of 17 
pretreatment, by yeast R. mucilaginosa and fungi A. oryzae and M. plumbeus. As the 18 
cultivation on M. plumbeus resulted in the highest oil concentrations and oil yields from all 19 
hydrolysates, the data of M. plumbeus was further used for the techno-economic evaluation of 20 
microbial oil production from oil palm biomass. 21 
The prospect of using M. plumbeus for large-scale microbial oil production can be 22 
evaluated by estimating the amount of oil that could be produced from oil palm biomasses 23 
based on the oil yields.12 The oil yields of M. plumbeus on EFBEH and EFBLH in this study, 24 
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based on consumed sugars, are 205 and 185 mg/g respectively. The results of sugar yields 1 
from the study on optimised dilute acid pretreatment of EFB by Jung et al. was used for 2 
estimating microbial oil production from EFB.41  For microbial oil production from 1 t dry 3 
EFB (249.5 kg glucose and 23.9 kg xylose),41 56 kg microbial oil can be produced from 4 
enzymatic hydrolysate of the solid residue. On the other hand, liquid hydrolysate from 1 t dry 5 
EFB (68 kg glucose and 135 kg xylose)41 can potentially yield 37.6 kg of microbial oil. The 6 
total oil production from 1 t dry EFB is estimated to be 93.6 kg. The estimated microbial oil 7 
produced from 1 t EFB is comparable to 103 kg of estimated microbial oil produced per 8 
tonne wheat straw by fungal strain M. isabellina.12 The theoretical production of microbial oil 9 
from solid residue hydrolysate is estimated to be 155.6 kg oil per 1 t dry EFB. Based on the 10 
microbial oil production by M. plumbeus from EFB in this study, 60% oil of the theoretical 11 
microbial oil production (i.e., 60% oil conversion efficiency (Equation 5)) was achieved. 12 
However, higher oil yields can likely be obtained with the use of bioreactor for cultivating M. 13 
plumbeus for large-scale microbial oil production. 14 
As the second largest producer of palm oil in the world, Malaysia produces a 15 
substantial amount of EFB from palm oil mills. It is estimated that 1.38 t EFB (dry weight) is 16 
produced per hectare from oil palm plantations.3 Therefore, the potential microbial oil 17 
production from palm oil EFB is estimated to be 129 kg/ha. The quantity is approximately 18 
3.4% of 3.84 t/ha average crude palm oil produced in Malaysia in 2014 (Table 4 (a)).  19 
The total oil production can be increased even further  through the use of other oil 20 
palm biomasses, such as oil palm frond (OPF), oil palm trunk (OPT), palm kernel shell (PKS) 21 
and mesocarp fibre (MF), for microbial oil production. It is estimated that there was 87 22 
million t oil palm solid wastes (dry weight) generated in Malaysia and these wastes are 23 
expected to increase to 100 million t by 2020.3 All of these oil palm biomasses identified are 24 
lignocellulosic and potentially can be used as the feedstock for microbial oil production. 25 
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From palm oil processing, MF and PKS were produced annually at around 1.42 t/ha and 0.85 1 
t/ha respectively.3 From oil palm plantations, there are approximately 14 t/ha OPT and 46 t/ha 2 
pruned OPF generated in Malaysia.3 OPF and OPT have been tested previously as the carbon 3 
substrates for ethanol fermentation.42, 43 Therefore the opportunity exists for utilising the 4 
fermentable sugars from OPF and OPT for microbial oil cultivation. The use of these 5 
biomasses as the additional feedstocks will enhance the total oil yield from a microbial oil 6 
production plant, as well as improve the economics of oil production. Therefore, in this study, 7 
the prospect of microbial oil production from OPF and OPT were also included in the techno-8 
economic evaluation. However, there was no sufficient information to perform similar 9 
evaluation on MF and PKS. The technical evaluation for OPF and OPT was completed based 10 
on Equation 6 and Equation 7.  11 
OPT can be utilised for microbial oil production from the use of OPT bagasse, which 12 
is the remains of OPT that is squeezed for sugar juice production (approximately 30% of wet 13 
felled OPT).43 It is estimated that 4.2 t/ha of dried OPT bagasse is produced annually in 14 
Malaysia. Glucose yield of 435 kg/t OPT bagasse can be obtained from the enzymatic 15 
hydrolysis of cellulose and starch of OPT bagasse.43 On the basis of 60% cultivation 16 
efficiency, the potential microbial oil production is estimated to be 0.35 t/ha. On the other 17 
hand, OPF also has the potential to be used for oil production as it contains 164 kg glucose 18 
per 1 t OPF (dry weight).42 Assuming that the top two-third of OPF with leaflets was re-used 19 
as fertiliser and only the basal (lower third) of OPF was utilised as feedstock of oil 20 
production, there is 15.3 t/ha of OPF available for oil production. Therefore, OPF is estimated 21 
to yield microbial oil up to 0.48 t/ha. Table 5 (a) showed that oil palm biomasses have the 22 
potential to produce approximately 0.97 t oil per hectare, which has the potential to increase 23 
total oil production by 25% from the same plantation area.  24 
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3.5.2 Economic assessment of microbial oil production from oil palm biomasses 1 
The relative feedstock cost (US$/t) (Equation 8), as shown in Table 5 (b), was used to 2 
economically evaluate the feasibility of microbial oil production from oil palm biomasses. 3 
The feedstock cost of oil production from EFB is estimated based on the selling price of EFB 4 
of $15.80/t,44 where the feedstock cost is $0.17/kg oil. Taking the selling price of OPF at 5 
$25/t from Zahari et al. (based on transportation cost, harvesting and collection cost and pre-6 
processing cost),45 the feedstock cost of oil production from OPF is $0.79/kg oil. The selling 7 
price of OPT bagasse was estimated to be $15/t (based on transportation and pre-processing 8 
cost from Zahari et al.). Therefore the feedstock cost of oil production from OPT is $0.18/kg 9 
oil. On the other hand, based on the average 2014 yield of FFB at 18.63 t/ha (selling price of 10 
$123/kg) and the yield of crude palm oil at 3.84 t/ha,46 the feedstock cost of crude oil 11 
production from FFB is estimated to be at $0.60/kg oil. To conclude, the feedstock cost of oil 12 
production from current palm oil sector can be lowered down through the use of alternative 13 
feedstocks for oil production such as oil palm biomasses especially EFB and OPT for oil 14 
production.   15 
3.5.3 The feasibility of increasing oil production in the palm oil industry from EFB and other 16 
oil palm biomasses 17 
From the technical assessment discussed in section 3.5.1, there is great potential to 18 
increase the oil production in the palm oil industry through the utilisation of processing 19 
wastes from the industry. In addition, the economic assessment from section 3.5.2 20 
demonstrated that the integration of oil palm biomasses with existing palm oil processing, can 21 
potentially provide cheaper feedstock cost for oil production. The proposed process 22 
integration of microbial oil production from oil palm biomasses is illustrated in Figure 4, 23 
where the microbial oil production is incorporated into the existing palm oil industry from 24 
plantation harvesting and oil extraction to products manufacturing. Microbial oil produced 25 
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from oil palm biomasses can potentially be utilised to supplement existing palm oil 1 
production either for biodiesel production from non-food feedstock, as well as manufacturing 2 
oleochemicals and food products. The proposed integration can improve the sustainability of 3 
palm oil processing, where the lignocellulosic by-products from palm oil processes are 4 
recycled back to the industry. The proposed integration also showed that glycerol, the by-5 
product of transesterification process for biodiesel production, can be re-utilised for microbial 6 
oil production which is significant for the biorefinery approach. Ahmad et al.  demonstrated 7 
that M. plumbeus could grow and produce oil from glycerol.17 In addition, the proposed 8 
integration can enhance the profitability of palm oil processing, with the potential increase of 9 
oil production in the palm oil industry from cheaper feedstocks, through microbial production 10 
from the lignocellulosic by-products of palm oil processes.  11 
4 CONCLUSION 12 
Overall, this study demonstrated the biochemical conversion of pretreated oil palm 13 
EFB to oil through microbial cultivation using R. mucilaginosa, A. oryzae and M. plumbeus. 14 
The hydrolysates from both fractions of pretreatment (liquid fraction and solid residue) were 15 
utilised for the microbial cultivation for maximising the total microbial oil production from 16 
EFB. M. plumbeus showed the highest oil concentrations and the highest oil yields on both 17 
hydrolysates of EFBLH and EFBEH. The prospect of increasing oil production in the palm 18 
oil industry from EFB and other oil palm biomasses (OPT and OPF) was evaluated 19 
technically in terms of the oil production of M. plumbeus per hectare, and was further 20 
assessed economically through the relative feedstock cost for oil production. The assessments 21 
show that microbial oil production from oil palm biomasses have the potential to increase 22 
existing oil production in the palm oil industry by up to 25% with lower feedstock cost for oil 23 
25 
 
production. The integration of microbial oil production from oil palm biomasses into the 1 
palm oil industry can enhance the sustainability and profitability of the industry. 2 
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Table 1 1 
Chemical compositions of raw and pretreated EFB. The composition of lignin was based on 2 
the composition of acid soluble and acid insoluble lignin. 3 
 Compositions (%, w/w) 
Glucan Xylan Lignin 
Raw EFBa 38.8 ± 0.0 22.4 ± 0.0 27.2 ± 0.0 
Pretreated EFB 45.5 ± 0.5 6.1 ± 0.1 40.0 ± 0.1 
a consisted of 5.1% ash, 10.1% water extractives and 3.6% ethanol extractives 
 4 
 5 
6 
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Table 2  1 
Sugars (glucose, xylose and arabinose), organic acids (formic acid, acetic acid and levulinic 2 
acid) and furans (5-hydroxymethylfurfural (HMF) and furfural) compositions of liquid 3 
(EFBLH) and enzymatic (solid residue) (EFBEH) hydrolysates of EFB. 4 
Feedstock Non-
detoxified 
EFBLH 
EFBLH EFBEH 
Glucose (g/L) 0.42 0.33 17.42 
Xylose (g/L) 5.28 4.89 2.91 
Arabinose (g/L) 1.33 1.2 0.61 
Formic acid (g/L) 1.07 0.82 0.5 
Acetic acid (g/L) 7.06 7.89 2.61 
Levulinic acid (g/L) 0.13 0.07 0 
HMF (g/L) 0.21 0.08 0.05 
Furfural (g/L) 2.89 0.56 0.24 
   5 
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Table 3  1 
Biomass concentrations, oil concentrations and oil yields of different oleaginous yeasts and 2 
filamentous fungi from batch fermentation of various hydrolysates of lignocellulosic agro-3 
industrial wastes. Oil yields are expressed as mg oil produced per g sugars consumed, unless 4 
mentioned otherwise. 5 
Feedstock Strains Biomass 
concentration 
(g/L) 
Oil 
concentration 
(g/L) 
Oil 
yield 
(mg/g) 
Lignocellulosic 
biomass 
processing 
Liquid hydrolysate from pretreatment process 
Corncob Rhodotorula 
glutinis 
15.1 5.5 130* Dilute acid 
pretreatment5 
Corncob Trichosporon 
coremiiforme 
20.4 7.7 172 Dilute acid 
pretreatment14 
Wheat 
straw 
Cryptococcus 
curvatus 
17.2 5.8 140a Dilute acid 
pretreatment10 
Wheat 
straw 
Mortierella 
isabellina  
5.9 2.3 123 Dilute acid 
pretreatment12 
EFB Candida 
tropicalis 
6.4 6.7 80 Dilute alkaline and 
dilute acid 
pretreatment16 
EFB R. 
mucilaginosa 
5.8 0.8 64a This study 
EFB A. oryzae 10.6 1.4 110a This study 
EFB M. plumbeus 9.4 1.9 185a This study 
Solid residue hydrolysate  
Corn 
stover 
Mortierella 
isabellina 
18.7 6.9 147 Dilute alkaline and 
dilute acid 
pretreatment, then 
enzymatic 
hydrolysis of 
pretreatment 
slurries15 
Corncob Trichosporon 
cutaneum 
38.4 12.3 131 Enzymatic 
hydrolysis of 
residue, 
31 
 
pretreatment was 
not specified13 
EFB R. 
mucilaginosa 
11.3 2.2 93a This study 
EFB A. oryzae 12 4.5 199a This study 
EFB M. plumbeus 12.6 4.7 205a This study 
* Data is not provided, complete reducing sugars consumption was assumed 1 
a Oil concentration (g/L) per reducing sugars consumed as well as acetic acid consumed2 
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Table 4  1 
Fatty acids composition of microbial oils methyl ester of R. mucilaginosa, A. oryzae 2 
and M. plumbeus cultivated on EFB liquid (EFBLH) and solid residue enzymatic (EFBEH) 3 
hydrolysates, as well as fuel properties (cetane number, kinematic viscosity, higher heating 4 
value and iodine number) of transesterified microbial oils. 5 
Microorganisms Relative abundance of fatty 
acid methyl esters (FAME) 
(%, w/w) 
FAME fuel properties 
C16:0 C18:0 C18:1 C18:2 Cetane 
number
Kinematic 
viscosity 
at 40 °C 
(mm2/s) 
Higher 
heating 
value 
(MJ/kg) 
Iodine 
number
EFBLH         
R. mucilaginosa 25.8  
(±1.8) 
12.1 
(±0.7) 
52.9 
(±2.6)
11.2 
(±2.8)
64.3 4.66 40.64 64.6 
A. oryzae 21.1 
(±1.9) 
13.1 
(±1.1) 
29.7 
(±1.1)
36.9 
(±0.6)
59.9 4.42 40.11 89.2 
M. plumbeus 23.0 
(±2.5) 
12.3 
(±1.1) 
20.4 
(±0.8)
39.4 
(±1.7)
57.9 4.27 39.10 88.3 
EFBEH         
R. mucilaginosa 47.2 
(±0.2) 
31.8 
(±0.5) 
17.4 
(±1.1)
3.6 
(±0.4)
73.3 4.78 39.83 21.1 
A. oryzae 19.3 
(±1.1) 
17.9 
(±0.6) 
34.1 
(±0.9)
28.6 
(±1.2)
61.8 4.50 39.79 78.6 
M. plumbeus 18.2 
(±0.9) 
19.1 
(±1.9) 
33.8 
(±1.0)
28.9 
(±1.5)
61.9 4.51 39.84 78.8 
  6 
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Table 5  1 
(a) The summary of technical evaluation of microbial oil production from oil palm 2 
biomasses (EFB, trunk (OPT) and frond (OPF)) through the comparison of potential 3 
microbial oil yields per hectare to oil yield of crude palm oil. Biomass availability was based 4 
on the Malaysian palm oil sector. (b) The summary of economic evaluation of oil production 5 
from oil palm biomasses through the comparison of the relative feedstock cost of oil 6 
production from oil palm biomasses and the feedstock cost of crude palm oil production from 7 
fresh fruit bunch (FFB). Oil yields per 1 t oil palm biomasses (EFB, OPT and OPF) was 8 
based on the technical evaluation discussed in Section 3.5.1. 9 
(a) Oil palm biomass/ 
Palm oil 
Biomass 
availability (t/ha) 
Sugar content per 1 t 
biomass (kg/t) 
Oil yield per 
hectare (t/ha) 
 EFB  1.4 476 0.14 
 OPT (bagasse) 4.2 435 0.35 
 OPF (basal) 15.3 164 0.48 
 Crude palm oil  - - 3.84 
(b) Feedstock for oil 
production 
Selling price 
(US$/t) 
Oil yield per 1 t 
biomass (kg/t) 
Feedstock cost 
(US$/kg oil) 
 EFB 15.80 96.3 0.16 
 OPT (bagasse) 15.00 83.5 0.17 
 OPF (basal) 25.00 31.5 0.79 
 FFB 123.00 206.1 0.60 
  10 
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Figure Legends 1 
 2 
Figure 1. Flow chart of hydrolysates preparation from EFB for microbial cultivation. 3 
 4 
Figure 2. Sugars consumption of R. mucilaginosa, A. oryzae and M. plumbeus on EFB liquid 5 
(EFBLH) and enzymatic (EFBEH) hydrolysates. Glucose consumption is represented by  6 
(R. mucilaginosa),  (A. oryzae) and  (M. plumbeus). Xylose consumption is represented by 7 
 (R. mucilaginosa),  (A. oryzae) and  (M. plumbeus). 8 
 9 
Figure 3. (a) Oil contents (%, w/w) and (b) oil concentrations (g/L) of yeast R. mucilaginosa, 10 
and fungi A. oryzae and M. plumbeus cultivated on EFB liquid (EFBLH) and enzymatic 11 
(EFBEH) hydrolysates. 12 
 13 
Figure 4. Process flow of proposed integration of microbial oil production from oil palm 14 
biomasses into the existing palm oil processes. The flow diagram of palm oil production 15 
processes was drawn based on life cycle assessment on crude palm oil production in 16 
Malaysia.47  17 
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